A cadmium sulfide thin film deposited by a chemical bath deposition technique has been found to act as a passivating layer and a capping layer for GaSb photodiodes. X-ray photoelectron spectroscopy analysis shows the presence of Ga-S and Sb-S bonds along with the cadmium binding energies. Reduction in the reverse leakage current after the passivation is accompanied by a significant increase in the zero bias resistance-area product ͑14.29-100 ⍀ cm 2 ͒. In addition, the dependence of the zero bias resistance-area product on the device dimension reduced considerably. There was no degradation in the dark current performance over a period of 3 months, indicating long-term stability.
I. INTRODUCTION
GaSb and related III-V compound semiconductors are interesting candidates for a variety of applications such as high-speed electronics, 1 near-and far-infrared optoelectronic devices, 2 and photovoltaic cells. 3, 4 However, it is well established that the performance of antimonide based devices such as photodetectors suffers from poor surface properties. Hence, for the commercial viability of antimonide based photodetectors, lowering the surface leakage currents using suitable surface passivation methodologies and postpassivation capping techniques is crucial. The surface leakage current for small area devices is a significant contributor to the total current and thus is a limiting factor for achieving higher performances in these devices.
A GaSb surface is chemically unstable and leads to oxide formation on exposure to the atmosphere and/or light. A high density of surface states and defects present at the oxide semiconductor interface lead to leakage current. Pérotin et al. 5 describe the details of the surface degradation mechanism and the resulting surface leakage. The dark current of a photodetector is composed of the bulk current and the surface current. The surface current is proportional to the density of defects present at the semiconductor oxide interface. Thus, to improve the device performance it is imperative to reduce the surface leakage by passivating the surface. Numerous passivation as well as capping schemes have been reported in the literature ͑Ref. 2 and references therein͒, such as treatment with ammonium sulfide ͓͑NH 4 ͒ 2 S x ͔, 2,5 sodium sulfide ͑Na 2 S͒, 6 electron cyclotron resonance hydrogen plasma, 7 silicon nitride ͑SiN x ͒, 8 silicon dioxide ͑SiO 2 ͒, 9 ruthenium chloride ͑RuCl 3 ͒, 2 amorphous silicon, 2 and treatment with ͑NH 4 ͒ 2 S followed by polyimide capping 10, 11 or parylene capping. 12 The most common scheme employed is the treatment with sulfur based compounds, ͑NH 4 ͒ 2 S and Na 2 S. Sulfuration of a GaSb surface stabilizes the surface by forming Ga-S and Sb-S bonds. The atomic oxygen concentration decreases and the atomic sulfur concentration increases after passivation. Replacement of oxygen by sulfur follows a 1:1 quantitative rule. 10 The device performance improves as the leakage current reduces due to the reduction in the density of surface defects ͑i.e., dangling bonds, surface oxides, etc.͒. Though suitable passivation schemes using sulfur based species have been demonstrated, the passivated surface degrades after exposure to the atmosphere with time. Sandroff et al. 13 have studied degradation of sulfur treated GaAs surfaces. They observed that the As x S y passivation phases formed after the sulfur treatment decomposed in the presence of light and oxygen. Hence, suitable capping is necessary for the passivated surfaces to retain the advantages of passivation. In this paper, we report a single step passivation and capping mechanism for GaSb based photodetectors using a chemical bath deposition method at low temperatures ͑below 100°C͒. Recently, similar studies on passivation of GaSb surfaces by a CdS film have been reported by VigilGalá et al. 14 They used photoacoustic measurements to prove that the surface recombination velocity decreases on passivation of GaSb by CdS. In our work, the passivation studies were performed on mesa etched photodiodes. We demonstrated a reduction in the dark current as well as a reduction in the inverse of zero bias resistance-area product. The dark current did not show degradation over a period of 3 months confirming passivation and capping of the photodiodes.
II. EXPERIMENTAL DETAILS A. Device fabrication
A schematic of the device used is shown in Fig. 1 . The photodiodes used for the passivation study were fabricated on n-type Te doped ͑3 ϫ 10 17 cm −3 ͒ GaSb wafers ͑vendor: Atomergic Chemetals Corp.͒. The wafer surface was cleaned by degreasing using warm ͑ϳ60-70°C͒ xylene, acetone, and methanol ͑XAM͒ followed by a rinse in HCl and deionized water to etch the oxide formed on the wafer surface. Zinc diffusion was carried out by the leaky box technique, where 6N pure Zn pellets were used as the Zn source. 15 in Ar for 9 h at 500°C, yielding a junction depth of ϳ1.3 m. As both the sides of the wafer were exposed to Zn vapors during diffusion, the backside needed to be etched prior to the device fabrication. This was accomplished by protecting the front side using Apiezon-W wax and dipping the wafer in chromic oxide solution ͑Cr 2 O 3 :H 2 O:HF as 32 gm: 120 ml: 10 ml͒ for 10 s to etch off the zinc diffused backside. The front surface was then cleaned by XAM cleaning. Photolithography masking was used to pattern the photodiode structures and isolate the devices. The p-n junction was etched to form the mesa structure in an etchant consisting of sodium potassium tartrate, hydrochloric acid, and hydrogen peroxide ͑12 gm: 33 ml: 9 ml diluted to 500 ml͒ for 17 min. 8 The etching time was decided by the junction depth. Mesa etching was followed by the passivation step described in detail below. Front side metallization was done using the lift-off technique. A photoresist layer ϳ1.3 m thick was deposited and patterned on the front side prior to the metal deposition. Titanium ͑Ti, 30 nm͒ and gold ͑Au, 100 nm͒ were deposited using an e-beam metal evaporator. Ti acts as a barrier layer for Au diffusion in GaSb and also improves the adhesion. To define the metal pads, lift-off was performed by immersing the wafer in acetone, which dissolves the photoresist taking off the metal. The backside contact was deposited by evaporating tin ͑Sn, 20 nm͒ and gold ͑Au, 100 nm͒ followed by a rapid thermal anneal ͑RTA͒ of the wafer at 350°C for 10 s.
B. Passivation by chemical bath deposition of CdS
A thin layer of CdS deposited by a low temperature chemical bath deposition technique was used as the passivation layer. Deposition of CdS was carried out in a chemical bath containing 0.001M cadmium chloride ͑CdCl 2 ͒, 0.02M ammonium chloride ͑NH 4 Cl͒, 0.002M thiourea ͓͑NH 2 ͒ 2 CS͔, and ammonium hydroxide ͑NH 4 OH͒ to maintain a pH of 10.3. 16 Before the deposition of CdS the wafer was dipped in HCl to remove the native oxide. The wafer was immersed vertically in the chemical bath, which was maintained at 85°C and was continuously stirred with a magnetic stirrer. The deposition time was 35 min, resulting in a 250 nm thick CdS film as measured using a Dektak profilometer. It is believed that the sulfur obtained from thiourea passivates the dangling bonds and/or removes the residual native oxide layer. Thiourea used in the formation of CdS, in an alkaline medium, releases sulfur ions and ammonia according to the chemical reactions 17 
SC͑NH 2 ͒ 2 + 3OH
− → 2NH 3 + CO 3 2− + HS − ,
This sulfur passivates the GaSb surface in a similar manner as it passivates the GaAs surface as described by Sugiyama et al.. 18 Ga-S and Sb-S stable bonds are formed. On introducing the cadmium source to the reaction bath a cadmium sulfide film is formed on the wafer surface as
The details of CdS film formation from a chemical bath deposition technique can be found in the literature. 17, 19, 20 
III. RESULTS AND DISCUSSIONS

A. I-V and R 0 A results
Performance of the photodiodes was evaluated by measuring the dark current under reverse bias. Current-voltage ͑I-V͒ measurements were carried out using the HP 4140 B I-V meter. Devices of three different sizes, namely, 100, 150, and 200 m were used for this study. Figure 2 shows the I-V characteristics of a 150 m photodiode before and after the passivation and is a representative plot for different device sizes. The figure shows a reduction in the current density by a factor of 4 after the passivation of the device. At 0.5 V bias the current density reduces from 9.2 ϫ 10 −3 to 2.2ϫ 10 −3 A cm −2 . Dutta et al. 12 had observed an improvement by a factor of 3 after ͑NH 4 ͒ 2 S passivation and parylene capping.
To confirm passivation, the dependence of the leakage current on the size of the diode was estimated. The inverse of zero bias resistance-area product ͑1/R 0 A͒ as a function of the perimeter to area ratio ͑P / A͒ was studied. From the experimental I-V data, R 0 can be evaluated by finding the slope of the I-V curve at zero bias. Alternately, R 0 can be evaluated by applying a very small reverse bias to the diode and finding out the ratio of the applied voltage to the measured leakage current. In the case of a leaky diode the 1 / R 0 A product increases as the device dimension decreases, as observed for the devices without passivation ͑Fig. 3͒. The increase in the   FIG. 1. A schematic of the GaSb photodiode device structure studied.
FIG. 2. Dark current of the
1/R 0 A with a decrease in the device dimension implies the performance is surface leakage current limited. It is evident from Fig. 3 that the dependence of the 1 / R 0 A product on the device dimension reduces considerably after the passivation. A significant decrease in the 1 / R 0 A product, 0.07-0.01 ⍀ −1 cm −2 for a 100 m device, i.e., a P / A ratio of 400 cm −1 , is observed. Thus, the decreased dependence of the R 0 A product on the device dimension along with the reduced leakage current confirm the passivation of GaSb photodiodes by CdS. CdS is a wider band gap material ͑2.42 eV͒ than GaSb ͑0.72 eV͒ and acts as a barrier layer for electron migration to the surface from the bulk.
To investigate the long-term stability of the passivation, I-V characterization was performed again after 3 months. No degradation in the dark current characteristics ͑Fig. 2͒ of the passivated devices was observed. This is an indication that the deposition of CdS is a promising technique to obtain long-term stability.
B. X-ray photoelectron spectroscopy results
Several groups have studied x-ray photoelectron spectroscopy ͑XPS͒ to analyze the chemical bond changes occurring due to the sulfide treatment. Pérotin et al. 21 have found Ga 2p and Sb 3d peak shifts to conclude the presence of sulfur. We measured the XPS lines of S and Cd to investigate the presence of S and CdS on the surface of a CdS passivated GaSb wafer. A monochromatic Mg K ␣ ͑1253.6 eV͒ x-ray source of Perkin Elmer PHI 5400 was used to observe the constituents. The XPS spectral line of C 1s ͑285.0 eV͒ was used to calibrate the binding energy. As the CdS layer used was thick, it was difficult to resolve the substrate peaks. The binding energy of S 2p observed in Fig. 4 is in the range of characteristic sulfides. 22 The narrow peak at 161.5 eV is identified as Sb 2 S 3 binding energy ͑161.1-161.8 eV͒. The smaller peak observed at 162.2 eV is attributed to Ga 2 S 3 . 10 Li et al. 10 have observed similar Ga-S and Sb-S peaks in their passivation studies performed using ͑NH 4 ͒ 2 S. Sulfur oxides 23 ͑167-169 eV͒ or elemental sulfur 23 ͑164 eV͒ peaks were not observed in the XPS results. Presence of cadmium indicative of CdS chemistry can be observed in Fig. 5 showing the split spin-orbital of cadmium 3d level. The binding energy of Cd 3d 5/2 is at 405.4 eV and that of Cd 3d 3/2 is present at 412.2 eV. Similar binding energies for the 3d levels of chemical bath deposited CdS were observed by Chang et al. 24 The binding energies for sulfur and cadmium are indicative of the presence of Ga-S, Sb-S, and CdS. The XPS results confirm formation of sulfides on the surface indicating effective passivation.
IV. CONCLUSION
In conclusion, we studied the passivation of mesa etched GaSb photodiodes by a single step, low temperature chemical bath passivation and capping mechanism. XPS results show the presence of Sb 2 S 3 and Ga 2 S 3 . Along with the sulfides, presence of cadmium can also be observed. The reverse current density reduced by a factor of 4 after the CdS passivation of the diodes, which is equivalent to the values reported in the literature employing various other passivation techniques. The reduced dependence of the zero bias resistance-area product on the perimeter to area ratio also confirms the passivation. The reduction in the dependence of the leakage current on the device dimension is observed along with a small ͑0.01 ⍀ −1 cm −2 ͒ value of the inverse of zero bias resistance-area product. From the results presented here, it can be concluded that the CdS passivation layer deposited by chemical bath deposition is a promising technique to replace other passivation schemes involving sulfur passivation followed by the deposition of a capping layer.
